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Atherosclerosis (see Glossary) is a chronic immune-inflammatory vascular disease and the leading cause of death worldwide. Atherosclerotic lesions progress from the early fatty streaks to the complex vulnerable plaques that are responsible for the acute consequences of the disease. The pathogenesis of atherosclerosis is a result of interactions between multiple cell types in the vessel wall and a diverse set of inflammatory factors that occur at predilection sites with disturbed laminar blood flow. Given the diversity of underlying mechanisms, it is not surprising that miRNAs have emerged as an additional crucial regulatory network intersecting with the cellular and molecular mechanisms that govern the development of atherosclerosis (Figure 1 ).
The role of miRNAs in atherosclerotic plaque initiation and progression
Accumulating experimental evidence indicates that cellular and molecular processes related to the development of atherosclerosis are affected by a plethora of miRNAs.
Endothelial activation and inflammation
Induced by both biochemical and biomechanical stimuli, the early phase of atherosclerotic disease is characterized by the activation of endothelial cells (ECs) that express a set of adhesion molecules, such as vascular cell adhesion molecule (VCAM)-1, intercellular adhesion molecule (ICAM)-1, and E-selectin. Several miRNAs have been implicated in the regulation of the inflammatory response in ECs ( Figure 2 ). For example, miR-31 and miR-17-3p directly inhibit tumor necrosis factor (TNF)-α induced E-selectin and ICAM-1 expression respectively, thus acting in a negative feedback loop to control EC activation [2] . miR-155 and miR-221/222 inhibit the angiotensin II-induced inflammatory response in ECs in vitro via targeting of transcription factor Ets-1 and its downstream genes, including VCAM-1 and monocyte chemoattractant protein (MCP)-1 [3] . However, the role of miR-155 in EC function remains controversial as it has also been found to directly target endothelial nitric oxide synthase (eNOS) mRNA [4] .
Recent studies in mice and human subjects highlight an important role for miR-181b as a suppressor of endothelial inflammatory responses in both acute (e.g. sepsis) and chronic (e.g. atherosclerosis) vascular disease states [5, 6] . miR-181b inhibits an enriched set of nuclear factor (NF)-κB-responsive genes, such as VCAM-1 and E-selectin, by targeting importin-α3, a protein required for nuclear translocation of NF-κB [5] . Systemic delivery of miR-181b reduces NF-κB activity and atherosclerotic lesion formation in the aortic arch of mice, accompanied by decreased numbers of lesional macrophages and CD4 + T cells [6] . Additional cytokine-responsive miRNAs include miR-146a and miR-146b, which inhibit endothelial activation by promoting eNOS expression through targeting the RNA-binding protein HuR and by repressing the induction of adhesion molecules through targeting TRAF6 and IRAK1/2 [7] . Finally, let-7g exerts antiinflammatory effects on ECs through downmodulation of transforming growth factor (TGF)-β and silent information regulator 1 (SIRT1) signaling [8] . Consistent with these observations, systemic lentiviral delivery of let-7g inhibitors increased plasminogen activator inhibitor (PAI)-1 expression and induced overgrowth of the carotid intima-media layer in mice [8] .
It has long been appreciated that shear stress generated by complex hemodynamic blood flow impacts blood vessel function and contributes to the pathogenesis of atherosclerosis. Accumulating evidence suggests that several miRNA-based regulatory networks converge on shear stress-induced inflammatory pathways and regulate the endothelial inflammatory phenotype. For example, miR-126 is highly expressed in ECs and has been demonstrated in vitro to suppress VCAM-1 expression [9] . This miRNA was shown in a later study to act downstream of Krüppel-like factor 2 (KLF2) to drive flow-stimulated angiogenesis [10] . Interestingly, miR-126-carrying endothelial apoptotic bodies have been identified as atheroprotective in mice by targeting RGS16, a negative regulator of CXCR4, and promoting CXCL12-dependent recruitment of progenitor cells to the endothelial lining [11] . The passenger strand miR-126-5p, which is processed from the miR-126 duplex, is also functional and takes part in the control of leukocyte trafficking by modulating the expression of ALCAM and SetD5 [12] . Disturbed flow also suppresses miR-126-5p and promotes lesion formation through upregulation of delta-like 1 homolog (Dlk1), a negative regulator of EC proliferation [13] . Indeed, systemically treated ApoE −/− mice with miR-126-5p mimics rescued EC proliferation at predilection sites and limited lesion progression [13] . Intriguingly, miR-126 was also shown to be induced by Ets-1 and Ets-2 suggesting a potential negative feedback mechanism by which effects of proinflammatory factors, such as TNF-α or angiotensin II, may be limited by the antiinflammatory effect of miR-126 [14] .
Another shear stress-regulated miRNA, miR-10a, was reported to have significantly lower expression in atherosusceptible regions of large swine vessels [15] . This miRNA was identified in vitro as a post-transcriptional inhibitor of NF-κB activation through suppression of mitogen-activated protein kinase kinase kinase 7 (MAP3K7) and the β-transducin repeatcontaining gene (β-TRC), two factors involved in IκΒα degradation [15] . The role of miR-10a in atherosclerotic lesion formation remains to be elucidated. In a recent study, atheroprotective laminar flow conditions induced miR-145 to repress junctional adhesion molecule-A expression, a molecule that increases endothelial intercellular permeability and leukocyte extravasation [16] .
In contrast, miR-92a is upregulated by oscillatory shear stress in vitro [17] and is expressed at a higher level in regions of atherosusceptibility in vivo [18] . In silico predictions and experimental validation demonstrated that two targets of miR-92a are the laminar flowresponsive transcription factors KLF2 [17, 18] and KLF4 [18] . More specifically, miR-92a decreases KLF2 mRNA and KLF2-regulated eNOS and thrombomodulin expression [17] . Moreover, a recent study showed that oxidized low density lipoprotein (oxLDL) increases miR-92a expression primarily in low shear stress areas, while therapeutic inhibition of miR-92a attenuates endothelial NF-κB activation and limits the development of atherosclerotic lesions in mice, in part, by derepression of KLF2 and KLF4 [19] . It has also been shown in vitro that oscillatory shear stress induces monocyte adhesion to ECs by upregulating miR-663. This inflammatory response was associated with altered expression of several transcription factors, including KLF4 [20] . Similarly, oscillatory shear stress induces a sustained miR-21 expression in human umbilical vein ECs (HUVECs), which promotes increased activity of activator protein-1 by targeting peroxisome proliferatoractivated receptor-α (PPAR-α), thus enhancing expression of VCAM-1 and MCP-1 [21] .
However, this report comes in contrast to data pointing to an atheroprotective function of miR-21 in HUVECs exposed to unidirectional shear stress, by decreasing apoptosis and increasing eNOS phosphorylation [22] . miR-712 expression, as well as its human homologue miR-205, is also upregulated in regions of disturbed flow in vitro and in vivo. This miRNA stimulates endothelial inflammation, permeability, and extracellular matrix fragmentation via direct repression of tissue inhibitor of metalloproteinase (TIMP)-3, while inhibiting miR-712 rescues TIMP-3 expression and reduces lesion formation in response to partial carotid artery ligation in ApoE −/− mice [23] . Finally, miR-217 induces EC senescence by direct inhibition of SIRT1 [24] , an atheroprotective flow-induced antiinflammatory deacetylase that activates eNOS and inactivates NF-κB.
Recent studies also highlight the role of emerging paradigms of miRNA-mediated cellular regulation in endothelial activation and inflammation. These include novel forms of interand extracellular communication, such as via microvesicles, exosomes, and lipoproteins (Box 1).
Immune activation
Immunity is a major contributor to atherosclerosis. It is mediated by components of the innate immune system, such as macrophages and dendritic cells, as well as adaptive immune system, such as T lymphocytes.
Macrophages play a central role in the pathophysiology of atherosclerosis through both maintaining vessel wall lipid homeostasis and orchestrating inflammatory responses. miRNAs are involved in macrophage biology by regulating their differentiation from precursor cells and modifying their inflammatory capacity, thus exerting profound effects during plaque evolution. For example, the multifunctional miRNA, miR-155, was induced in macrophages in atherosclerotic regions of ApoE −/− mice and suppressed B-cell leukemia/ lymphoma 6 (BCL6), a transcription factor that counter-regulates NF-κB activation [25] . Consistent with these findings, ApoE −/− mice with bone marrow miR-155 deficiency exhibited reduced macrophage inflammatory responses, enhanced macrophage cholesterol efflux, and reduced lesion size [26] . In contrast, in LDL receptor knockout (LDLR −/− ) mice, bone marrow miR-155 deficiency enhanced atherosclerosis by generating a more proinflammatory macrophage phenotype [27] . Collectively, these data highlight the importance of miR-155 in regulating the inflammatory signaling pathways of the macrophage lineage, an effect that may reflect atherosclerotic stage-dependent actions of miR-155 on its target genes in response to hyperlipidemic conditions achieved in ApoE −/− and LDLR −/− mice. Future studies will be needed to clarify the role of macrophage-specific miRNA expression in atherogenesis.
Toll-like receptor (TLR) signaling pathways are highly active in human atherosclerotic plaques and have been implicated in the promotion of atherosclerosis. Several miRNAs have been shown to operate a negative feedback regulation to thwart inflammation in response to TLR activation warranting an investigation of their functions as anti-atherogenic mediators of vascular disease. For example, miR-146a and miR-146b are induced in macrophages in a NF-κB-dependent manner and are involved in inflammation resolution by limiting TLR and cytokine signaling [28] . Likewise, miR-147 attenuates TLR-associated signaling events in macrophages in a negative feedback manner [29] , while miR-21 represses different components of NF-κB signaling during TLR-mediated activation of human peripheral blood mononuclear cells [30] . Intriguingly, similar to the controversy regarding its action in ECs [21, 22] , miR-21 may promote TLR-mediated NF-κB activation [31] . While the in vivo role of miR-21 in atherosclerotic lesion formation has not been defined, it can be hypothesized that at the early phases miR-21 induction may be pro-inflammatory, while at later stages it may facilitate resolution of inflammation, thereby maintaining homeostasis of immune responses.
Other miRNAs have been implicated in regulating the macrophage response to inflammatory stimuli. For instance, overexpression of miR-125b induces an activated phenotype in macrophages and elevates their responsiveness to interferon (IFN)-γ, an effect mediated by miR-125b suppression of interferon regulatory factor 4 (IRF4) [32] . Interestingly, during early atherosclerosis the most prominently induced miRNA is miR-342-5p, which is expressed in lesional macrophages [33] . miR-342-5p enhances proinflammatory macrophage mediators, such as inducible nitric oxide synthase (iNOS) and IL-6, by suppressing the Akt1-mediated inhibition of miR-155 expression. Accordingly, miR-342-5p inhibition reduces atherosclerotic lesion formation in ApoE −/− mice [33] .
Lipoprotein uptake by macrophages is thought to be one of the earliest pathogenic events in the nascent plaque and results in the formation of foam cells. miR-125a-5p and miR-146a were found to decrease lipid uptake and cytokine release in oxLDL-stimulated macrophages, in part by targeting the genes oxysterol binding protein-like 9 and TLR4, respectively, suggesting that they may play a protective role against the development of atherosclerosis [34, 35] . Similarly, overexpression of miR-155 decreased lipid uptake in monocytic cell lines and primary monocyte-derived dendritic cells in vitro [36] . However, in primary macrophages from atherosclerotic ApoE −/− mice, miR-155 was found to enhance oxLDLinduced foam cell formation by targeting HMG box-transcription protein1 [37] . Furthermore, injection of anti-miR-155 in ApoE −/− mice effectively decreased lipid-laden macrophage accumulation in lesions and the formation of aortic atherosclerotic plaques [37] . Finally, miR-155 expression was significantly higher in CD14 + monocytes from patients with coronary artery disease than healthy controls, implicating this miRNA as a potentially relevant myeloid target under atherosclerotic conditions. Several studies also support an essential role for miRNAs in regulating macrophage polarization, which is a critical component of the inflammatory response. For example, miR-124 has a key role in inhibiting macrophage activation and skewing their polarization from a pro-inflammatory M1 toward an anti-inflammatory M2 phenotype, in part, by targeting the transcription factor C/EBP-α [38] . Moreover, miR-223-deficient macrophages exhibited increases in M1 and decreases in M2 polarization biomarkers, suggesting a suppressive effect of this miRNA on macrophage pro-inflammatory activation, in part, by targeting the protein Pknox1 [39] . Likewise, miR-125a-5p diminished M1 phenotype expression induced by lipopolysaccharide (LPS), but promoted M2 marker expression induced by IL-4 [40] . Conversely, miR-155 has been shown to induce M1 polarization by targeting C/EBP-β [41] . The kinetics of miRNA expression associated with M1/M2 polarization in the atherosclerotic plaque will require future investigation.
Other immune cells, such as dendritic cells and T cells, predominantly type 1 T helper cells, are also present throughout the natural history of plaque development and are considered to play an important role in atherogenesis. Several studies highlight that miRNAs play important roles in their function. Representatively, miR-181a attenuates the oxLDL-induced immune inflammatory response by targeting transcription factor c-Fos and reducing dendritic maturation cell surface molecules, including CD40 and CD83 [42] . In addition, Tcell receptor (TCR) activation increases expression of miR-146a, which protects T cells from cell death and controls the resolution of T-cell responses by targeting, respectively, the pro-apoptotic factor Fas-associated death domain and the NF-κB mediators TRAF6/IRAK1 [43] . Consistent with the latter findings, T cells lacking miR-146a are hyperactivated to antigen stimulation and are prone to induce T-cell-mediated inflammatory disease [43] . Future studies will be required to explore the role of dendritic-and T-cell-specific miRNAmediated effects in the context of atherogenesis.
Cholesterol homeostasis
Excessive LDL cholesterol in the circulation leads to increased subendothelial accumulation and its local oxidative and enzymatic modification elicits an immune response from resident and recruited immune cells resulting in a chronically inflamed environment that promotes plaque growth. Several hepatic-enriched miRNAs have demonstrated important functional properties in lipoprotein homeostasis. miR-122, expressed primarily in liver, plays a critical role in regulating lipid metabolism by controlling AMPK activation, cholesterol synthesis, and lipoprotein secretion [44] . Hepatic miR-27b also regulates the expression of multiple key metabolic genes which have been implicated in the pathobiology of lipid-related disorders [45] . Finally, overexpression of miR-30c reduced hyperlipidemia and attenuated atherosclerosis in ApoE −/− mice by targeting microsomal triglyceride transfer protein (MTTP), a key protein for effective hepatic assembly of very low-density lipoprotein (VLDL) and ApoB-containing lipoproteins [46] . Cholesterol efflux capacity is essential for maintaining cholesterol homeostasis and constitutes a robust predictor of atherosclerosis in humans. miR-33a and miR-33b have been shown to act as post-transcriptional inhibitors of adenosine triphosphate-binding cassette A1 (ABCA1) and ABCG1 expression in macrophages, resulting in reduced cholesterol efflux to high-density lipoprotein (HDL) [47] [48] [49] [50] . Treatment with anti-miR-33 oligonucleotides increased ABCA1 and ABCG1 expression, thus enhancing cholesterol efflux and regression of atherosclerotic plaques in LDLR −/− mice [51] . Subsequent studies in nonhuman primates showed that antisense oligonucleotides targeting miR-33a/b are effective in increasing HDL cholesterol and lowering VLDL-associated triglycerides by inducing ABCA1 expression [52, 53] . Mechanistically, these miRNAs were demonstrated to regulate key genes involved in fatty acid metabolism and insulin signaling [54] . Interestingly, miR-33 inhibition was recently shown to overcome the deleterious effects of hyperglycemia on plaque regression in atherosclerotic mice after their plasma lipids were aggressively lowered [55] . Moreover, long-term anti-miR-33 therapy significantly reduced the progression of atherosclerosis independently of plasma HDL-cholesterol levels [56] . However, prolonged anti-miR-33 treatment failed to maintain elevated plasma HDL and did not prevent the progression of atherosclerosis in LDLR −/− mice [57] . In addition, miR-33 inhibition increased circulating VLDL-triglyceride secretion, an effect mediated by miR-33 targeting hepatic expression of N-ethylmaleimide-sensitive factor, a key protein in VLDL vesicular trafficking [58] . Finally, genetic loss of miR-33 or long-term anti-miR-33 treatment exacerbated high fat diet-induced obesity and liver steatosis in mice [59, 60] . Collectively, future studies will be required to sort out the experimental conditions in miR-33 inhibitor studies that may, in part, account for differences observed across studies on lipoprotein metabolism and atherosclerosis.
Although miR-33 has been the most extensively studied in vivo, several other miRNAs have also been shown to modulate cholesterol efflux in macrophages and other cell types, indicating that HDL regulation by miRNAs is likely to be complex. In a recent study, miR-302a was demonstrated to suppress ABCA1, while anti-miR-302a treatment attenuated atherosclerosis progression in mice [61] . miR-10b also directly repressed ABCA1 and ABCG1 and negatively regulated cholesterol efflux from lipid-loaded macrophages [62] . Similarly, miR-27 [63] , miR-144 [64, 65] , miR-145 [66, 67] , miR-223 [68] , and miR-758 [69] post-transcriptionally regulate cellular cholesterol efflux to apolipoprotein A-I by suppression of ABCA1 expression. Moreover, miR-26 suppresses other genes involved in cholesterol mobilization in addition to ABCA1, such as ADP-ribosylation factor-like 7, an intracellular transport protein that moves cholesterol to the membrane for removal by ABCA1 in response to activation of the liver X receptor (LXR) nuclear hormone signaling pathway [70] . Recently, coenzyme Q10 was demonstrated to inhibit activator protein-1 and reduce miR-378 expression, which increased the expression of ABCG1 in mouse and human macrophages and, thus, facilitated macrophage cholesterol efflux in vitro and in vivo [71] .
The selective uptake of HDL cholesterol into the liver, the pivotal final step of reverse cholesterol transport, is mediated by scavenger receptor B-I, which possesses atheroprotective activity. In this context, miR-96, miR-185, and miR-223 have been demonstrated to repress hepatic scavenger receptor B-I providing an additional important regulatory mechanism that modulates HDL cholesterol transport [68, 72] .
Vascular smooth muscle cells
In healthy arteries, medial smooth muscle cells (SMCs) are specialized to maintain a differentiated contractile phenotype. In response to vascular injury or inflammatory signaling, SMCs dedifferentiate and adopt a synthetic phenotype. Critical regulators in the maintenance of the mature SMC phenotype include the transcription factor serum-response factor (SRF), SRF-associated coactivators, such as myocardin, and TGF-β signaling effectors, whereas soluble factors, such as platelet-derived growth factor (PDGF), promote the dedifferentiation of SMCs. Accumulating studies indicate that multiple miRNAs play a central role in the mechanisms determining SMC phenotype. The miRNA cluster containing miR-143 and miR-145, the most abundant SMC miRNAs, is a key player in SMC differentiation through the enhancement of myocardin expression [73] . Deficiency of these miRNAs results in inappropriate SMC plasticity and promotes a phenotypic switch from a contractile to a proliferative, migratory state via regulation of the angiotensin-converting enzyme gene [74] . Myocardin was also found to inhibit SMC migration via induction of miR-24 and miR-29a, and subsequent inhibition of PDGF-β [75] . Moreover, oxLDL-treated human SMCs transfected with miR-195 precursor exhibited reduced proliferation, migration, and pro-inflammatory cytokine secretion, an effect mediated in part by miR-195 repression of the cell cycle regulator cdc42 [76] . miR-638, another miRNA robustly expressed in human SMCs, inhibits human SMC proliferation and migration by targeting the orphan nuclear receptor NOR1, which is a critical regulator implicated in atherosclerosis [77] . Similarly, overexpression of miR-663 increased expression of SMC differentiation marker genes and potently inhibited PDGF-induced SMC proliferation and migration [78] . Other miRNAs that promote the acquisition of a contractile phenotype of SMCs include miR-133 [79] and miR-424 [80] . In contrast, miR-221, expressed under PDGF stimulation, decreases the differentiation and increases the proliferative capacity of SMCs via downregulation of c-kit and p27Kip1, respectively [81] . Knockdown of miR-221 and miR-222 resulted in decreased SMC proliferation both in vitro and in vivo [82] . Other miRNAs promoting a switch to the synthetic phenotype include miR-26a [83] and miR-146a [84] .
Like monocyte-derived macrophages, intimal SMCs express scavenger receptors that facilitate lipid uptake and foam cell formation. The oxLDL receptor LOX-1, which plays an important role in the atherogenic process by mediating the internalization of oxLDL into cells and inducing a pro-inflammatory phenotype, was suppressed by let-7g in human aortic SMCs [85] . Indeed, circulating levels of let-7g are reduced in hypercholesterolemic human subjects implicating a potential relationship between let-7g and hyperlipidemia [85] .
The role of miRNAs in atherosclerotic plaque rupture
Rupture-prone vulnerable plaques, referred to as thin-cap fibroatheromas, are typically associated with the presence of highly inflammatory cell content and a large necrotic core covered by a thin fibrous cap. Accumulating studies implicate various roles for miRNAs in processes related to the risk of atherosclerotic plaque rupture (Figure 3 ).
Fibrous cap thinning
Vulnerable plaques show evidence of SMC death and decreased number of SMCs in the fibrous cap, suggesting that therapeutic stabilization of existing plaques could involve SMCs as a primary target. Respectively, upregulated miR-21 expression inhibits reactive oxygen species-induced SMC apoptosis and death [86] . Moreover, miR-126-treated arteries in mice exhibited increased number of intimal SMCs, higher collagen content, and reduced apoptotic cells, consistent with a more stable plaque phenotype [11] . Promoting a contractile SMC phenotype may lead to increased fibrous cap integrity. In this context, overexpression of miR-145 in SMCs reduced plaque volume in ApoE −/− mice and increased features of plaque stability, such as increased collagen content and fibrous cap area, in a fashion consistent with the promotion of a quiescent SMC phenotype [87] . Therefore, upregulation of miR-143/145 may not only decrease SMC proliferation in the initial stages of atherosclerotic plaque evolution, but also stabilize fibrous cap in more advanced plaques. Moreover, IFN-γ compromises fibrous cap integrity by inhibiting the ability of SMCs to express the genes encoding procollagens. In this respect, miR-29 directly suppresses IFN-γ production by targeting IFN-γ mRNA [88] . Andreou Macrophage-derived matrix metalloproteinases (MMPs) play a crucial role of in fibrous cap thinning and plaque destabilization. In a recent study, miR-24 downregulation was demonstrated to enhance macrophage apoptosis and MMP-14 proteolytic activity, promoting atherosclerotic plaque progression and characteristics associated with plaque instability [89] . Finally, miR-29 represses the expression of target genes that encode extracellular matrix proteins and may, thus, sensitize the aorta for aneurysm formation, while treatment with a miR-29 inhibitor augmented matrix synthesis [90] .
Necrotic core
Exacerbated macrophage and SMC apoptosis is a main contributor of necrotic core formation and expansion. Endoplasmic reticulum stress-induced pathways, primarily the unfolded protein response, contribute to macrophage death and subsequent plaque necrosis in advanced atheromata. In this regard, miR-155 has been implicated in the induction of macrophage apoptosis in response to specific stimuli [91] , while several miRNAs have emerged as regulators of the unfolded protein response [92] . During advanced atherosclerosis, defective apoptotic cell clearance by activated macrophages through the process of efferocytosis leads to apoptotic cell accumulation, delayed resolution of inflammation, and expansion of the necrotic core. Elevated macrophage miR-21 was recently demonstrated to promote efferocytosis and suppress innate immune response [93] . Moreover, cholesterol crystals in the necrotic core, apart from having a direct effect on breaching the fibrous cap, may trigger an inflammatory cascade via activation of the NLRP3 inflammasome that further promotes the instability of atherosclerotic plaque. miR-223 has been shown to be a negative regulator of NLRP3 inflammasome and IL-1β production, thereby preventing the associated inflammatory response [94] .
Other advanced lesion characteristics
Within more advanced plaques, EC-driven angiogenesis eventually leads to neovessels invading the intima, a process that is closely related to plaque growth, destabilization, and rupture. miRNAs can function either as pro-angiogenic or antiangiogenic factors [95] and may, therefore, alter lesion characteristics. However, their role in the context of atherosclerosis has not been well characterized. Moreover, vascular regions with lesions related to plaque rupture exhibit an expansive remodeling process. Several studies have demonstrated the functional role of miRNAs in vascular remodeling [96] , reflecting the miRNA modulation of the function of ECs, SMCs, and leukocytes, which are the main cellular players orchestrating remodeling. Another common feature of plaque progression is the focal calcification in atherosclerotic lesions. In this context, several studies implicate miRNAs in various aspects of SMC mineralization as novel links in the mechanisms of vascular calcification. For instance, miR-125b is involved in vascular calcification in vitro and in vivo, at least partially, by targeting the osteoblast transcription factor SP7 [97] .
Plaque erosion
Superficial erosion of the plaques accounts for approximately 25% of cases of acute coronary syndromes. Although no distinct morphological features have been identified for the erosion-prone plaques, such plaques characteristically exhibit de-endothelialization and accumulation of proteoglycan, including versican. Myocardin has been shown to simultaneously suppress versican gene expression and promote SMC differentiation by inducing miR-143 transcription [98] . In the same context, miR-712 activates a disintegrin and metalloproteinase with thrombospondin motifs 4 (ADAMTS4) via decreased TIMP-3 expression leading to versican fragmentation [23] . Moreover, endothelial apoptosis, likely contributing to EC loss, may expose surface extracellular matrix, which could potentially stimulate thrombus formation through platelet adherence and aggregation. Interestingly, platelets can remotely modulate the apoptosis of ECs through release of miR-223-containing microvesicles that are taken up by ECs and induce the formation of advanced glycation end products [99] .
miRNA-directed diagnostics and therapeutics in atherosclerosis
Innovative and reliable biomarkers for atherosclerosis and plaque stability are desperately needed. miRNAs are currently explored as biomarkers in a wide range of cardiovascular conditions including atherosclerotic disease. The origin of extracellular circulating miRNAs is diverse and may be associated with active secretion via microvesicles or cell death. Circulating miRNAs have many properties that make them promising new biomarker candidates: they are remarkably stable and detectable in easily accessible extracellular fluids, such as blood and urine, by specific microarray or other quantitative reversetranscription polymerase chain reaction techniques. Moreover, changes in their expression are often tissue or disease specific.
Patients with coronary artery disease display decreased plasma levels of miR-17, miR-92a, miR-126, and miR-181b, which are expressed in ECs, miR-145, which is expressed in SMCs, and miR-155, which is expressed in both monocytes/macrophages and activated T cells [6, 100] . In the context of plaque rupture, a distinct miRNA expression signature has been identified in the plasma of patients with acute coronary syndrome [101] . It is speculated that combining multiple miRNAs into a miRNA profile may provide greater accuracy than can be expected from the assessment of a single miRNA. Prospective largescale studies are needed to determine the true potential of circulating miRNAs as biomarkers for atherosclerotic-related disease states.
Pharmacological targeting of dysregulated miRNAs is a promising concept that has enormous therapeutic potential. The multiplicity of miRNA targets enables miRNAs to bypass mechanisms that render cells or tissues insensitive to certain drugs. For example, cells can develop insensitivity to single drugs through rare mutations in drug targets or desensitization of cell-surface receptors. Such mechanisms are unlikely to diminish sensitivity to miRNA-based therapies, which target several steps in a disease pathway by modulating multiple downstream signaling mediators in parallel. An attractive therapeutic approach may involve the delivery of a cassette of miRNA mimics or inhibitors to facilitate "fine-tuning" of specific stages of atherosclerotic progression. Therapies based on miRNA inhibitors, such as locked nucleic acids, antagomirs, and miRNA sponges, or miRNA mimics are now being developed to repress pathological miRNAs or overexpress protective miRNAs, respectively. Although most miRNA therapeutics are still in preclinical development, two have reached clinical trials. The first miRNA-targeted therapy, a locked nucleotide acid-based antisense miR-122 inhibitor (miravirsen), was shown to downregulate hepatitis C virus RNA levels in patients with chronic hepatitis C infection [102] , while one liposome-based miR-34 mimic (MRX34) has entered a clinical Phase I trial in patients with advanced liver cancer [103] . miRNA replacement therapies and anti-miRNA oligonucleotides may be taken up more efficiently in the liver and kidney, but many additional peripheral tissues, such as vessels and heart, have also been successfully targeted using currently available delivery approaches. However, much additional work is needed to establish whether therapeutic manipulation of miRNA function may indeed represent an efficacious and safe atherosclerosis treatment in humans.
Although it is apparent that several miRNAs have an important regulatory impact on atherosclerotic processes in vivo, it is unclear how widespread is the contribution of individual miRNAs. Furthermore, in most of the animal studies to date, the phenotypic effects of miRNA inhibition have only been studied in the target tissue of interest, which might overlook off-target or even opposing effects of miRNAs in different tissues, stages, or in response to diverse pathophysiological stimuli. Given that only a minority of miRNAs is tissue-specific, delivering of miRNA mimics or inhibitors in a targeted rather than a systemic manner may represent a novel opportunity to prevent the development of atherosclerosis. With the growing number of tools and animals to study the role of miRNAs in complex biologic systems, such as animal models that reproduce plaque instability observed in humans [104] , in the future we will be able to have a broader, more detailed picture on the role of these regulatory molecules in specific stages of atherosclerotic lesion formation.
Concluding remarks
Accumulating evidence indicates that numerous miRNAs, which participate in positive as well as negative regulatory loops and may function as hierarchical networks rather than individual regulators, play a pivotal role in atherosclerotic disease processes in cell cultures and animal model experiments ( Table 1 ). The list of miRNAs targeting the various aspects of atherogenesis is rapidly increasing and will likely expand to include miRNAs targeting additional genes. An avenue that remains to be elucidated is the contribution and roles of other emerging noncoding RNAs, including long noncoding RNAs, in the development of atherosclerosis and their interaction with miRNAs [105] . Although many questions remain (Box 2), recent biological insights and experimental progress in understanding the impact of miRNAs on the mechanisms of atherosclerosis and its complications may pave the way for the use of miRNA-based strategies in the management of this disease. [107] , it was demonstrated that the anti-inflammatory properties of HDL are conferred, in part, by the transfer of miR-223, which is highly expressed in myeloid cells, to recipient ECs, where it decreases ICAM-1 expression. However, HDL-associated miR-223 contributes to only 8% of the total circulating pool of miRNAs, and other groups have not observed significant uptake of HDL-associated miRNAs to ECs, SMCs, or peripheral leukocytes in vitro [108] . Future studies will be required to provide clarity to the functional consequences of HDL-associated miR-223 in the progression of atherosclerotic lesions and the cell types that are directly affected in vivo.
Glossary
Communication and signaling between ECs and SMCs are also critical for cardiovascular homeostasis and the pathogenesis of vascular disease states, including atherosclerosis. In this context, laminar shear stress in a physiological range was shown to upregulate expression of miR-143/145 cluster in ECs through a KLF2-dependent mechanism [109] .
The release and transport of these miRNAs in extracellular microvesicles to SMCs represses miR-143/145 target genes (e.g. KLF4, ELK1, CAMK2d, and SSH2) involved in dedifferentiation of these cells. Moreover, delivery of these microvesicles to ApoE −/− mice reduced aortic lesion areas, an effect that was abrogated by ex vivo inhibition of miR-143/145 [109] . Conversely, non-laminar or turbulent flow conditions induce secretion of miR-126 by ECs both in vitro and in vivo. This miRNA, bound to Ago2, is then transported to adjacent SMCs where it represses the expression of specific target genes (e.g. FOXO3, BCL2, and IRS1) that normally keep these cells in the atheroprotective contractile phenotype [110] . Therefore, miR-126, despite its beneficial effects on endothelial homeostasis [9] , may play an atheroprone role in SMCs.
Box 2. Outstanding questions
• What are the optimal pharmacokinetics and pharmacodynamics of miRNA inhibitors or mimics in vivo?
• How does therapeutic manipulation in vivo affect miRNA compensation or redundancy?
• To what extent is effective miRNA-specific gene targeting dependent upon the route of delivery?
• Can we create "designer" miRNA therapeutics for optimal penetration of the vascular wall (e.g. miRNA-coated stents)?
• Which miRNAs actively contribute to regression or resolution of atherosclerosis?
• Do miRNAs function equally during early versus advanced lesion formation? 
Highlights
• miRNAs regulate diverse cell types involved in atherosclerotic disease progression.
• miRNAs are implicated in advanced atherosclerotic plaque rupture.
• Circulating miRNAs are promising new candidates as biomarkers for atherosclerosis.
• Pharmacological targeting of dysregulated miRNAs is a promising therapeutic concept. The potential involvements of miRNAs in molecular and cellular mechanisms associated with atherosclerotic plaque instability are illustrated. Green miRNAs indicate those with stabilizing properties, while red miRNAs indicates those with destabilizing properties. The advanced atherosclerotic plaque consists of a fibrous cap rich in SMCs and collagen. The gradual loss of SMCs by apoptosis and the increased activity of matrix-degrading enzymes result in a fragile and rupture-prone fibrous cap. T cells produce proinflammatory mediators, such as IFN-γ and CD40L, which contribute to the amplification of local inflammation and plaque instability. Moreover, IFN-γ inhibits the collagen synthesis by SMCs. CD40L interactions with CD40 lead further to the release and activation of MMPs from activated macrophages. Apoptotic macrophages and SMCs, as well as extracellular lipid derived from dead cells, can accumulate in advanced plaques leading to the formation of a soft, destabilizing necrotic core within the intima. Abbreviations: CD40L, CD40 ligand; IFN-γ, interferon-γ; MMPs, matrix metalloproteinases; SMC, smooth muscle cell. ABCA1, ABCG1 Inhibition of miR-33 improves HDL functionality, increases cholesterol efflux, reduces plaque size, prevents atherosclerosis [56] ABCA1, CPT1α Inhibition of miR-33 increases circulating triglycerides, reduces hepatic free fatty acids, does not change plasma HDL level and plaque size [57] miR-92a KLF2/4, SOCS5 Increases endothelial activation, decreases plaque stability, promotes atherosclerosis [19] miR-126-5p Dlk1 Promotes EC proliferation, prevents atherosclerosis [13] miR-126-3p RGS16 Induces CXCL-12 in apoptotic bodies, prevents atherosclerosis [11] miR-145 KLF4 SMC-lentiviral miR-145 delivery increases plaque collagen content, fibrous cap area, and plaque stability, reduces plaque size and necrotic core area, prevents atherosclerosis [87] miR-155 Bcl6 Enhances inflammation, promotes atherosclerosis [25] SOCS1 Enhances inflammation, impairs cholesterol efflux, promotes atherosclerosis [26] ? Hematopoietic miR-155 deficiency promotes atherosclerosis, decreases plaque stability [27] 
MAP3K10
Reduces inflammation, prevents atherosclerosis [106] miR-181b Importin-α3 Inhibits NF-κB signaling and vascular inflammation in ECs of arterial wall, reduces atherosclerosis [6] miR-302a ABCA1 Inhibition of miR-302a increases plasma HDL level and cholesterol efflux, reduces inflammation and plaque size, prevents atherosclerosis [61] miR-342-5p AKT1 Induces pro-inflammatory mediators (Nos2, IL-6), promotes atherosclerosis [33] miR-712 TIMP3 Activates MMPs and ADAMs, stimulates endothelial inflammation and permeability, promotes atherosclerosis [23] Trends Mol Med. Author manuscript; available in PMC 2016 May 01.
